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In this letter we exploit the extended coherence length of mixed plasmon/exciton states to generate
active metasurfaces. For this purpose, periodic stripes of organic dye are deposited on a continuous
silver film. Typical metasurface effects, such as effective behavior and geometry sensitivity, are
measured for periods exceeding the polaritonic wavelength by more than one order of magnitude.
By adjusting the metasurface geometry, anisotropy, modified band structure and unidimensional
polaritons are computationally simulated and experimentally observed in reflectometry as well as in
emission.
PACS numbers: 71.36.+c, 42.25.Kb, 73.20.Mf, 78.55.Kz
The strong-coupling phenomenon that occurs when
light-matter interaction prevails over damping[1] leads
to remarkable changes in the optical properties of mat-
ter, modifying both the spectrum[2] and dynamics of
excitations[3]. In molecular systems[4], this regime can
be reached with a reduced number of molecules, open-
ing the way to the realization of single photon emitters
and quantum information processing architectures[5].
When a large number of emitters is involved, a coher-
ent coupling of the emitters through the electromagnetic
mode occurs[6, 7]. In metal/semiconductors systems,
the strongly-coupled state (polariton) arising between
molecules and a propagating plasmon has an extension
ranging from a few[7, 8] to several tens of microns[9].
The conductivity of molecular films can be dramatically
modified through this coherent coupling[10, 11]. The
strong-coupling regime also affects other properties such
as chemical reactivity[12] or efficiency of second harmonic
generation[13]. Within this context, the control of po-
laritonic modes is of crucial interest. Polaritons can be
tailored by shaping their electromagnetic part: mesa[14],
pillar structuration[15] or photonic metasurfaces[16, 17]
have, for example, allowed for an efficient control of
their spectra. Various types of plasmonic modes have
also been exploited in strong coupling to reduce volume
and losses[18, 19]. This control can also be achieved
by tailoring the excitonic part: a recent demonstration
of polarization control and energy tunability has been
performed with aligned carbon nanotubes coupled to a
microcavity[20]. Beside the properties inherited from
their light or matter components, the hybrid nature of
polaritonic states leads to unique properties which could
be obtained neither by the photon nor exciton alone.
This has yield for instance the first observation of Bose
condensation in condensed matter physics, with exci-
ton/photon polaritons [21–23]. This hybrid nature can
also be exploited to tailor the polaritons properties in the
linear regime.
In the present work, we exploit the mixing of propa-
gating plasmons with a set of localized emitters to con-
trol their band structure and generate anisotropy. More
specifically, by patterning an organic film on silver, we
investigate a new type of metasurface that builds on the
polariton extended coherence. As the coherence length
is one order of magnitude larger than the wavelength, an
efficient geometry control can be achieved in the visible
range with micrometric structuration. Employing this
method, we demonstrate anisotropy generation in transi-
tion energies and emission patterns. These findings pave
the way towards a novel type of artificial materials which
require micro- instead of nano-structuration. The devel-
opments of new functionalities based on polaritonic meta-
surfaces could also build on the extraordinary achieve-
ments of metamaterials[24–26] and metasurfaces[27, 28],
with potential electrical or optical control enabled by the
excitonic part of the polaritons[29, 30].
The sample consists of stripes of active dye, pe-
riodically deposited on a 50 nm continuous silver
film thermally evaporated on a glass substrate.
For this purpose a solution of J-aggregated dye
TDBC (5,6-Dichloro-2-[[5,6-dichloro-1-ethyl-3-(4-
sulfobutyl)-benzimidazol-2-ylidene]-propenyl]-1-ethyl-3-
(4-sulfobutyl)-benzimidazolium hydroxide, inner salt,
sodium salt) is spin coated on top of the silver film. The
spin coated layer has a thickness of 17 nm, measured
by plasmon fitting, with a sharp absorption peak at
2.1 eV. The inactive stripes have been created in the
homogeneous cyanine dye film by photobleaching the
dye molecules using local UV-irradiation performed with
a 355 nm solid state laser. By running an adjustable
mechanical slit at an intermediate image plane, a
micrometric precision is reachable for the size of the
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2patterned structures.The UV-irradiated material has
the same optical index as the cyanine dye film, but the
Lorentzian peak related to the sharp absorption at 2.1
eV is eliminated (see Supplementary Materials). Optical
properties of the samples are studied using leakage
radiation microscopy[31]through a Nikon oil immersion
objective of 1.49 numerical aperture (a more detailed
description of the experimental setup can be found in
[7]). Reflectometry images in the Fourier plane, which
represent the dispersion relation (energy as a function
of wavevector), are collected by imaging the microscope
objective Fourier plane by a Nikon CCD camera or
an Andor spectrometer, coupled to a CCD camera.
Luminescence is triggered with a 532 nm laser diode
beam focused onto the upper face (dye layer) of the
sample. The emitted light is collected in direct space
or Fourier space by a CCD camera or a spectrometer.
Direct space images, with selected region of Fourier
space can be performed by mounting an iris (selecting
the central part of the Fourier plane) or a circular beam
blocker in an intermediate Fourier plane.
Before addressing the patterned surfaces, the proper-
ties of uniform layers of UV-irradiated and of active dye
on silver were measured. Figure 1(a) shows the disper-
sion relation of irradiated dye on silver. The line cor-
responding to the surface plasmon is uniformly broad-
ened showing that the dye absorption resonance has been
completely removed by the irradiation. On the other
hand, the dispersion relation of the active dye film on
silver (Fig. 1(b)) shows a typical polariton anticrossing
associated with the exciton/plasmon hybridization in a
strong coupling regime. The Rabi splitting at resonance
is 155 meV with a bare dye broadening of 30 meV and
a plasmon linewidth of 40 meV, fulfilling the strong cou-
pling conditions[32]. The polariton coherence length de-
duced from its wavevector width at resonance is about 7
µm[9](see Supplementary Materials).
To demonstrate averaging of optical properties within
the coherence length, characteristic of metasurfaces, we
compared patterned films with two periods: one larger
(25 µm) and the other smaller (5 µm) than the coher-
ence length. In both cases the filling factor was 1/2.
The dispersion relations recorded for propagation direc-
tion (wavevector) perpendicular to the stripes are shown
in Figs. 1(c) and 1(d). For the larger period (Fig. 1(c)),
the dispersion shows the coexistence of a continuous line
and an anticrossing between two branches. The Rabi
splitting associated with the anticrossing is 145 meV,
which is close to the one obtained with the homoge-
neous dye film (Fig. 1(b)), while the continuous line
has essentially the same position as the bare plasmon
line (Fig. 1(a)). This behavior can be viewed as the
response of two distinct regions with strong and weak
plasmon-molecule coupling, and negligible interaction be-
tween them. For the smaller period (Fig. 1(d)), the
measured dispersion relation is drastically different: only
FIG. 1: (a-d) Experimental reflectometry dispersion images
of a 50 nm silver film covered by a 17 nm thick dye layer,
measured along the propagation direction perpendicular to
the stripes: (a) homogeneously UV-irradiated film; (b) ho-
mogeneous active dye film; (c) patterned layer with a large
period (25 µm); (d) patterned layer with small period (5 µm).
(e) Rabi splitting recorded as a function of the array period
and normalized to the Rabi splitting of a homogeneous active
dye layer. The dashed lines correspond to a Rabi splitting
decreased by a factor of
√
2 compared to a full active dye
film. (f-i) Computed dispersion curves for continuous and
patterned films: (f) bare plasmon dispersion; (g) plasmon
coupled to a continuous active dye film; (h) patterns of 25
µm period; (i) patterns of 5 µm period. All the patterned
samples have a filling factor of 1/2.
an anticrossing is visible, showing no regular plasmon
propagation anymore. Furthermore, the Rabi splitting
at resonance (~Ω= 98 meV) is reduced compared to the
continuous dye film, confirming the effective behavior of
the metal/dielectric metasurface, in that it differs from
the basis constituents. It has to be noticed that an-
other anticrossing, translated by k =1.31µm−1, can be
seen in Fig.1(d). This additional line corresponds to the
first diffraction order of the periodic structure (for the
5µm period, 2pi/period=1.26µm−1) and is also present
for larger periods.
The first qualitative interpretation for these obser-
vations is that, for small periods, the system averages
properties of the materials with and without the dye
resonance absorption. Since the average number of
emitters interacting with the plasmon mode is now
reduced by a factor of 2 compared to the continuous dye
layer, the effective interaction energy should be reduced
3by a factor
√
2[33]. Patterns of different periods were
studied and the extracted Rabi splittings at resonance
are summarized in Fig. 1(e). The splittings have been
normalized with respect to the Rabi splitting of the
continuous dye film. For small periods up to 15 µm, a
quasi-plateau can be measured, while for large periods
the splitting reaches the continuous film value. The
striking point lies in the large value of the period at
which the transition between the mean-field (effective)
and multicomponent (polariton and plasmon) behavior
occurs, more than one order of magnitude greater than
the wavelength.
The properties of the system experimentally stud-
ied above can be theoretically rationalized by invoking
a quantum mechanical framework for strong plasmon-
exciton coupling. The resulting Hamiltonian (see Sup-
plementary Material for details) is given by H =∑
K HK(~ = 1), where
HK =
∑
κ
ωK+κa
†
K+κaK+κ + ωe
′∑
κ′
σ†
K+κ′
σK+κ′
+
∑
κ
′∑
κ′
[
JK+κKκ−κ′σ
†
K+κ′aK+κ + h.c.
]
...(1)
Here, the two-dimensional wavevector K belongs to the
Brillouin zone
[
0, 2piL
)×[−pi
a
,
pi
a
)
defined by the unit cell
of the simulation, taken to be L × a, where a  L is
the smallest spatial resolution of the simulation and L
is the patterning period. a†k (ak) creates (annihilates) a
plasmon with energy ωk, at wavevector k =. σ
†
k (σk) is
the active dye Frenkel exciton operator in Fourier space,
which creates (annihilates) a delocalized collective exci-
ton with energy ωe at wavevector k = (see supplementary
material). Jk is a collective plasmon-exciton coupling
for the continuous dye film (with no patterning). No-
tice that the dye patterning enables mixing between plas-
mons and excitons (created by the operator σ†k) as long
as their wavevectors differ by a Bragg vector κ = κxx̂,
where κx =
2pim
L
(with m integer). The efficiency with
which this mixing occurs is dictated by the Fourier trans-
form F∆κ =
1
ζ
∑Nuc−1
ν=0 pν exp(i∆κυa) of the patterning
function pν , where νa = 0, a, · · · , (Nuc − 1)a are the
x−positions of the localized molecular excitations (the
stripes are along the y axis, the patterning along x )
and Nuca = L. Given a filling factor f , pν = 1 for
ν = 0, · · · , fNuc−1 and pν = 0 otherwise, while the nor-
malization is given by ζ =
√
fNuc. Finally,
∑′
κ′ indicates
a constrained summation over Bragg vectors associated
with an integer number of wavelengths per active stripe;
for half-filling factor, this subset is given by κ′ = (κ′x, 0)
with κ′x =
2pim′
L
for m′ even. It is clear that in the ab-
sence of patterning, Fκ−κ′ = δκ,κ′ and Eq. (1) reduces
to the standard polaritonic dispersion Hamiltonian.
Plasmon-weighed dispersion plots are obtained by nu-
merical diagonalization of HK(see Supplementary Mate-
rials). Results for the continuous inactive and active dye
films are plotted in Figs. 1(f) and 1(g), respectively. For
a patterned film of small period (5 µm, Fig. 1(i)), a
very clear anticrossing with 1/
√
2 Rabi splitting of the
continuous film can be observed, verifying our effective
medium picture. For a large period of 25 µm (Fig. 1(h)),
the stripes support a large number of modes, upon which
the calculation shows a clear partitioning between those
which are confined in the active and inactive dye stripes,
respectively. The former feature strong coupling with
the dyes, while the latter remains as plasmons localized
in the inactive dye stripes. As no losses are included
in the calculation, the calculated lines have no width.
The losses, which limit the coherence length, broaden the
experimental lines and explain the merging of the lines
which is observed in the experiments: the plasmonic dis-
crete modes appearing in the anticrossing gap form the
propagating plasmon band, and the different diffracted
polaritonic lines tend to merge to form a new anticross-
ing.
Another feature of the metasurface geometry studied
here is its anisotropy, which has been investigated for
a small pattern period (5 µm) by recording the disper-
sion relations for different propagation directions. For
propagation along the stripes, the dispersion presented
in Fig. 2(a) can be understood as the coexistence of bare
plasmon and polariton lines, in contrast to that recorded
perpendicular to the stripes (Fig. 2(b)) which only shows
polariton lines. The value of the Rabi splitting parallel to
the stripes is 160 meV, almost equal to that of the contin-
uous dye film. A first interpretation based on this energy
is that the effective medium effect is not present for prop-
agation parallel to the stripe: polaritons confined along
the active dye stripes coexist with propagating plasmons
confined along the bare metal regions. Our numerical cal-
culations unambiguously reproduce the anisotropic dis-
persion of the system as shown in .Figs. 2(c) and 2(d).
Figure 2(e) shows the full experimental two-dimensional
dispersion for a 5 µm period. This surface is deduced by
tracking reflectivity minima as a function of azimuthal
angle. A propagating plasmon is present only for angles
between ±20◦ about the direction of the stripes. For
larger angles, the bare plasmon line is not detected any-
more, and only the polariton lines remain.
The described metasurfaces are also accompanied by
substantial modifications in the emission properties of
the constitutive dye. The hybridization of a large number
of molecular excited states with an extended plasmonic
mode results in two types of states: extended-polaritonic
states (with a well-defined wavevector) and localized
incoherent-dispersionless purely molecular states also
known as dark or reservoir states[6, 34]. The polaritonic
4FIG. 2: Dispersion relations measured for a 5 µm period pat-
tern with propagation direction (a) parallel to the stripes and
(b) perpendicular to the stripes, as well as corresponding cal-
culated dispersion relations (c),(d). (e) Two-dimensional ex-
perimental dispersion surface reconstructed across all propa-
gation directions (from directions orthonormal to the stripes
kx to directions parallel to the stripes ky). For clarity, the
region of wavevectors with magnitudes lower than 10 µm−1
is removed.
states and the plasmon modes can be respectively se-
lected by choosing wavevector ranges under the light cone
(non-radiative modes). Figure 3(a) presents a Fourier
image of the emission of a polaritonic metasurface, with
the horizontal axis x perpendicular to the stripes, non-
resonantly excited by a continuous 532 nm laser. Figure
3(b) shows the direct luminescence imaging of the inco-
herent states, where the emission coupled to the plasmon
is removed by selecting the central part of the Fourier
plane, i.e. the small wavevectors. In this case, the dye
stripes appear clearly, and no emission is observed be-
tween them in the inactive dye areas.
When the plasmon/polariton emission is selected
(large wavevectors), a strong polarization dependence
can be observed. Selecting the polarization in real space
is equivalent to choosing the propagation direction in re-
ciprocal (Fourier) space, as the plasmon and thus the
polaritons are TM polarized. Strikingly, for a horizon-
tal polarization (i.e. propagation direction kx, Fig. 3(c))
the stripes are hardly visible. This uniform luminescence
confirms the interpretation of an effective medium behav-
ior for periods smaller than the coherence length. For a
vertical polarization (i.e. propagation direction ky, Fig.
3(d)) the stripes appear clearly although with a lower
contrast than the incoherent luminescence. To analyze
the luminescence images, the low energy polariton wave-
function at the resonance has been calculated. Figures
3(e) and 3(f) shows the spatial partition of the plasmonic
and excitonic densities associated with this wavefunction.
An essentially uniform plasmonic density is obtained for
a propagation perpendicular to the stripes whereas large
maxima within the stripes can be seen for a propagation
parallel to the stripes. As the intensity collected in the
FIG. 3: Emission properties of polaritonic metasurface with a
2 µm period, with stripes oriented along the y direction. (a)
Fourier space image of the luminescence. The white dashed
circle limits the Fourier space filtering areas used in panels (b-
d) for direct space imaging. (b) Direct emission image of the
incoherent states. (c-d) Direct emission image associated with
large wavevectors with a polarization direction perpendicular
(c) and parallel (d) to the stripes. The intensity profile at the
center of the image along the x axis is plotted as a red line on
top of each image. (e-h) Plasmon and exciton density of the
calculated low energy polariton wavefunction at resonance for
propagation perpendicular (e),(f) and parallel (g),(h) to the
stripes.
experiments is associated with the plasmonic part[3] of
the wavefunction, the calculated densities and measured
luminescence are fully consistent.
The hybridization with the plasmon renders lumines-
cence dispersive and modifies emission energies. The lu-
minescence as a function of wavevector for the 5 µm pe-
riod array (dispersion of Fig. 2) is shown in Figs. 4(a)
and 4(b). The polariton appears for both propagation
directions, while an emission through the plasmon can
be detected only along ky. By changing the filling factor,
the effective concentration of active dye molecules within
the plasmon coherence length can be modified, allowing
a transition from strong to weak coupling. With a fill-
ing factor of 1/10, an emission without any polaritonic
contribution can be observed on Fig. 4(c) for a detection
perpendicular to the stripes. This emission corresponds
to the typical weak coupling regime for molecules close
to a metal surface: an emission at the dye transition en-
ergy into the plasmon. For propagation along ky (Fig.
4(d)), both emission into plasmon and a polariton can
be detected. These observations agree with the previous
interpretation of two coexisting modes, spatially local-
ized in the regions of the active (polariton) and inactive
(plasmon) dyes. We have thus demonstrated unidirec-
tional polaritons and anisotropic luminescence starting
from an isotropic emitting material.
In conclusion, we have shown that the properties of
molecules strongly coupled to surface plasmons can be
5FIG. 4: Anisotropic emission dispersion properties of polari-
tonic metasurfaces with two different filling factors. (a-b)
Filling factor 1/2 (stripe width is 2.5 µm, period is 5 µm).
(c-d) Filling factor 1/10 (stripe width 1 µm).
drastically modified by structuring the sample on dis-
tances which are large compared to wavelengths. The
modified material band structure can find applications
in polarization controlled sources, as well as in topologi-
cal photonics based on anisotropic dispersions and Dirac
cones[35] or exceptional points[20]. This control is re-
inforced by the large variety of 2D lattices that can be
patterned in the active material, associated with the sim-
plified fabrication of the supra-wavelength features re-
quired for polariton metasurfaces. The anisotropic be-
havior demonstrated here could also open the way to
anisotropic conductivity based on strong coupling[10].
The active polaritonic metasurfaces we propose are not
restricted to plasmonic modes nor organic dyes alone, but
can be extended to a large variety of structures in strong
coupling such as cavity polaritons which have similar ex-
tended coherence lengths[36]. Finally, building on the ex-
citonic part of the hybrid states, these ideas can also be
harnessed to design novel ultrafast reconfigurable meta-
surfaces which can be optically[37–39] or electrically[29]
switched upon pumping.
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